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50
Marine boundary layer (MBL) cloud, as a strong modulator of the radiative energy 51 budget of the Earth-Atmosphere system, is a major source of uncertainty in future climate 52 change projections of the general circulation models (GCM) (Cess et al., 1996; Bony and 53 Dufresne, 2005) . Improving MBL cloud simulations in the GCMs is one of the top priorities of 54 Figure 1 to illustrate the importance of accounting for the sub-grid variability of rainwater in 108 simulating the CloudSat radar reflectivity. To be consistent with the two-moment cloud 109 microphysics scheme (Morrison and Gettelman, 2008 ) that is widely used in the GCMs, we 110 assume the sub-grid distribution of rainwater to follow the exponential distribution. In this 111 example, the grid-mean rainwater mixing ratio ( ) is set to be 0.03 g/kg (dashed blue line in 112 Figure 1a ). Using the Quickbeam simulator (Haynes et al., 2007) in COSP, we simulated the 113 corresponding 94-GHz CloudSat radar reflectivity, which is shown in Figure 1b . The grid-mean 114 radar reflectivity based on the exponentially distributed rainwater (i.e., with sub-grid variance) is 115 about 4 dBZ (solid red line in Figure 1b ). In contrast, if the sub-grid variation of rainwater is 116 ignored, the radar reflectivity corresponding to = 0.03 g/kg is 13 dBZ (dashed blue line in 117 Figure 1b ). The substantial difference between the two indicates that ignoring the sub-grid 118variability of hydrometeors could cause significant overestimation of grid-mean radar reflectivity 119 simulation, which in turn could complicate and even mislead the evaluation of GCMs. 120
The objective of this study is to investigate and demonstrate to the GCM modeling 121 community the importance of considering the sub-grid variability of cloud and precipitation 122
properties when evaluating the GCM simulations using COSP. Here we employ the Super-123 parameterized Community Atmosphere Model Version 5 (SPCAM5, Wang et al., 2015) to 124 provide the sub-grid cloud and precipitation hydrometeor fields for a comparison study of the 125 simulated radar reflectivity and warm rain frequencies by COSP. Fundamentally different from 126 the convective cloud parameterization schemes in GCMs, SPCAM5 consists of a two-127 dimensional cloud-resolving model (CRM) embedded into each grid of a conventional CAM5 128 Wang et al., 2015) . In SPCAM5, the sub-grid cloud 129 dynamical and microphysical processes are explicitly resolved at a 4-km resolution using a two-130 dimensional version of the System for Atmospheric Modeling ) 131 with the two-moment microphysics scheme (Morrison et al., 2005) . We carry out two sensitivity 132 tests: SPCAM5 COSP and SPCAM5-Homogeneous COSP. In the SPCAM5 COSP run, the sub-133 grid cloud and precipitation properties from the embedded CRMs of SPCAM5 are used to drive 134 the COSP simulation. In the SPCAM5-Homogeneous COSP run, the default homogenous 135 hydrometeor scheme of COSP mentioned above is used to generate the sub-grid cloud and 136 precipitation fields for the COSP simulation. The outputs from the two runs are compared with 137 the collocated CloudSat and MODIS observations to assess the potential problems in both runs, 138 and also to understand the impacts of omitting sub-grid cloud variations in the COSP simulations. 139
The rest of the paper is organized as follows: Section 2 describes the model, COSP and 140 satellite data used in this study. Results 
COSP
159
We used COSP Version 1.4, which has no scientific difference from the latest version 160 COSP2 (Swales et al., 2018 three major parts, each controlling a step of the pseudo-retrieval process: (1) the sub-column 166 generator of COSP first distributes the grid-mean cloud and precipitation properties from GCM 167 into the so-called sub-columns that are conceptually similar to "pixels" in satellite remote 168 sensing. (2) the satellite simulators simulate the direct measurements (e.g., CloudSat radar 169 reflectivity and CALIOP backscatter) and retrieval products (e.g., MODIS cloud optical 170 thickness and effective radius) for each sub-column using highly simplified radiative transfer and 171 retrieval schemes; (3) the aggregation scheme averages the sub-column simulations back to grid 172 level to obtain temporal-spatial averages that are comparable with aggregated satellite products 173 (e.g., MODIS level-3 gridded monthly mean products). 174
As mentioned in the Introduction, the COSP-v1.4 has a highly simplified built-in sub-175 column generator based on the homogenous hydrometeor scheme. This scheme accounts only for 176 the sub-grid variability of the types of hydrometeors and ignores the variability of mass and 177 microphysics within each hydrometeor type. An example is provided in Figure 2 to illustrate 178 how this default sub-column generator of COSP-v1.4 distributes the grid-mean cloud and 179 precipitation into the sub-columns. We arbitrarily selected a grid (23°N and 150°E) with both 180 cloud and significant precipitation from our previous CAM5 simulation (CAM5-Base simulation 181 in Song et al., 2017) . Figure 2a shows the vertical profiles of the grid-mean total (stratiform plus 182 convective) and convective cloud fractions at the selected grid box. Figure 2b among sub-columns is that they may be occupied by different types of hydrometeors (Zhang et 210 al., 2010) . 211
In this study, we have carried out two COSP simulations using the 2-year SPCAM5 212 CRM outputs to investigate the importance of considering the sub-grid variations of cloud and 213 precipitation properties when evaluating the GCM simulations using COSP. The two COSP 214 simulations are marked as SPCAM5 COSP and SPCAM5-Homogeneous COSP, respectively. 215
For the SPCAM5 COSP simulation, we treat the sub-grid cloud and precipitation fields from the 216 CRM of SPCAM5 outputs as sub-columns of COSP without using the COSP sub-column 217 generator. For the SPCAM5-Homogeneous COSP simulation, we first average the sub-grid 218 cloud and precipitation fields (including both clear and cloudy sub-grids) from the CRM of 219 SPCAM5 to each CAM5 grid, and then input these grid-mean cloud and precipitation fields to 220 the default COSP-v1.4 sub-column simulator described above to generate the sub-column fields. 221
All the other processes of two COSP simulations are exactly same. The COSP simulator outputs 222 are produced from 6-hourly calculations and the number of sub-columns used here is 32. To 223 derive the probability of precipitation, we made some simple in-house modifications in COSP 224 hydrometeor scheme gives us a dramatically different assessment of the warm rain production of 298 MBL clouds in the SPCAM5 model, i.e., if we consider the sub-column variability of cloud and 299 precipitation in the COSP simulation, we find that the SPCAM5 model can reproduce the 300 observed warm rain production quite well. However, if we ignore the CRM sub-grid variability 301 and use the homogeneous hydrometeor scheme, we may make the biased conclusion that the 302 SPCAM5 model performs badly in the simulation of warm rain production. 303 More significant differences between the SPCAM5 COSP and SPCAM5-Homogeneous 304 COSP simulations can be found from the spatial distributions of the probability of precipitation 305 (POP) in MBL warm clouds ( Figure 5) . Here, the POP for a given grid box is defined as the 306 fraction of liquid-phase cloud identified by MODIS observations with Zmax larger than a certain 307 threshold (i.e., −15 dBZ for drizzle or rain, 0 dBZ for rain, and 10 dBZ for heavy rain, In the same way as we define POP for observations, we define the POP for two COSP 317 simulations as the ratio of sub-columns that have COSP-CloudSat simulated Zmax larger than a 318 certain threshold with respect to the total number of liquid-phase clouds identified by COSP-319 MODIS. As shown in Figure 5 , two COSP simulations show dramatically different spatial 320 distributions of POPs. The SPCAM5 COSP produces the similar POP patterns as those in the 321 observations, with the domain averaged POPs for drizzle or rain, rain and heavy rain being about 322 43%, 16% and 4.5%, respectively. However, the POPs in the SPCAM5-Homogeneous COSP are 323 substantially overestimated, with the domain averaged POPs for drizzle or rain, rain and heavy 324 rain being about 75%, 36% and 7%, respectively. Using the COSP homogeneous hydrometeor 325 scheme will lead to the conclusion that the drizzle or rain is triggered too frequently (more than 326 double of the observations) in the SPCAM5 model, which obviously is not a fair assessment. 327
Previous studies find that the warm rain production in MBL clouds is tightly related to 328 On the other hand, since the assumptions of sub-grid variability of cloud and 377 hydrometeors in different GCMs may be quite different, one universal sub-column hydrometeor 378 scheme may be not applicable to all models. Based on this consideration, the latest version 379 COSP version 2 enhances flexibility by allowing for model-specific representation of sub-grid 380 scale cloudiness and hydrometeor condensates and encourages the users to implement the same 381 sub-grid scheme as the host GCM for consistency (Swales et al., 2018) . Nevertheless, our study 382 also suggests that any evaluation study of warm rain production in GCMs by using COSP 383 simulators should take this issue into account. CV_SNOW: convective snow). c) The distribution of large-scale (red plus signs for 592 frac_out=1) and convective (blue plus signs for frac_out=2) cloud among the sub-columns 593 generated by the SCOPS scheme (i.e., frac_out from scops.f). d) The distribution of large-594 scale (red plus signs for prec_frac=1), convective (blue plus signs for prec_frac=2), and 595 mixed (green plus signs for prec_frac=3) precipitation among the sub-columns generated by 596 the SCOPS-PREC scheme (i.e., prec_frac from prec_scops.f). e) The mixing ratio (left panels) 597 and effective radius (right panels) of three precipitation hydrometeor types among the sub-598 columns. 599 
